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Reverse Transcriptase Encoded by a Human

Transposable Element

STEPHEN L. MaTHIAS, ALAN F. ScotT, HaiGc H. KazAziAN, JR.,

JEF D. BOEKE, ABRAM GABRIEL*

L1 elements are highly repeated mammalian DNA sequences whose structure suggests
dispersal by retrotransposition. A consensus L1 element encodes a protein with
sequence similarity to known reverse transcriptases. The second open reading frame
from the human L1 element L1.2A was expressed as a fusion protein targeted to Tyl
virus-like particles in Saccharomyces cerevisiae and shown to have reverse transcriptase
activity. This activity was eliminated by a missense mutation in the highly conserved
amino acid motif Y/F-X-D-D. Thus, L1 represents a potential source of the reverse
transcriptase activity necessary for dispersion of the many classes of mammalian
retroelements.

ONG INTERSPERSED ELEMENTS

I (LINE-1 or L1) are a large class of
mammalian repeated sequences with
structural similarities to retrotransposons
(1). The predicted protein encoded by the
second open reading frame (ORF2) of L1
elements contains domains similar to retro-
viral and other reverse transcriptases (RT)
(2, 3). However, the classification of a se-
quence as a retrotransposon based solely on
structural similarities or the presence of RT
amino acid sequence motifs is tenuous; RT
sequence similarity does not by itself prove
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RT activity. The availability of L1.2A, a
putatively functional human L1 element (4),
presented an opportunity to test directly for
RT activity.

To assay the ORF2 protein encoded by
L1.2A for RT activity, we used an expres-
sion system (5) based on retrotransposon
Tyl of Saccharomyces cerevisiae (6) (Fig. 1).

Fig. 1. Summary of plasmid inserts.
Plasmids were constructed as de-
scribed (22) and carry the yeast 2
wm plasmid origin of replication,
the yeast selectable genes URA3
and TRP1, and the bacterial select-
able gene bla. pGAL1, GAL1 pro-
moter; TYA, first open reading
frame of Tyl; TYB, second open
reading frame of Tyl; ATYB,
TYB truncated at base pair 2173;
black triangles, Tyl LTRs; ORF2,
second open reading frame from

pSM1

pGAL1

e
A= =
pSM5 —leGAL1} ATYE [

el
GALTH ATYB

R

Tyl encodes two overlapping ORFs. The
first, TYA, encodes a gag-like protein. The
second, TYB, encodes a pol-like protein
that is expressed as a fusion protein with
TYA protein. Tyl proteins and RNA are
coassembled into virus-like particles
(VLPs). We used a Tyl-L1 chimeric con-
struct (pSM2) in which the L1.2A ORF2
was fused in-frame with TYB immedi-
ately 3’ to the protease domain, replacing
the integrase, RT, and RNAseH domains
of TYB (Fig. 1). As a negative control,
the sequence between the fusion site and
the downstream long terminal repeat
(LTR) was deleted (pSM5). The parent
plasmid, which contained a functional Tyl
element (pSM1), was used as a positive
control. All constructs were regulated by
the GAL1 promoter. Upon galactose in-
duction, yeast carrying these plasmids pro-
duced and accumulated large amounts of
VLPs, which were then partially purified
and assayed for RT activity. To reduce RT
activity attributable to expression of en-
dogenous Tyl and Ty2 elements, an spt3
host strain was used. Transcripts initi-
ated from the intact endogenous Tyl LTR
promoter are reduced 10- to 20-fold in spt3
strains, whereas transcription of GALI1-
promoted elements is unaffected (5, 7-
9).

Yeast cell extracts containing VLPs were
fractionated on sucrose gradients and the
fractions were assayed for RT activity (Fig.
2A). The L1-associated activity sedimented
with a slightly slower velocity than the
Tyl RT. This may be due to an altered
structure of the L1-Tyl VLPs. No RT
activity was detected in VLPs from the
negative control plasmid, pSM5. The same
fractions used for the RT profiles were
immunoblotted with an antiserum raised
against Tyl-VLPs (10) (Fig. 2B). The L1
RT peak cofractionated with TYA pro-
teins, as did the Tyl RT. VLPs were
produced from the negative control con-
struct (pSM5) (Fig. 2B), therefore absence
of RT from pSM5 was not due to a lack of
VLP production.

TYA 5
TYB &

S

L1.2A (4); dashed triangles, epitope tags (et) inserted in the parent plasmids to create pSM let, pSM5et,
pSM2et, and pSM8et (16). The asterisk indicates a missense mutation which produces a D to Y

substitution in the RT domain of ORF2 (22).
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Fig. 2. RT activity co-fractionates with TYA
proteins in VLPs. Yeast strains carrying the test
plasmids (Fig. 1) were induced with galactose and
VLPs were isolated (23). (A) Aliquots (2.5 ul) of
individual sucrose gradient fractions were assayed
for RT activity (12). pSM1, open circles; pSM2,
solid squares; pSM5, open squares. Fraction 1
corresponds to the top of the gradients. (B)
Aliquots (5 pl, pSM1 and pSM5; or 10 pl,
pSM2) of the same fractions were separated by
SDS-polyacrylamide gel electrophoresis, and after
electrophoresis, the proteins were transferred to
nitrocellulose. TYA proteins were detected by
immunoblotting with antiserum raised against
Tyl VLPs (10) (1:1000 dilution), secondarily
incubated with jodinated protein A, and visual-
ized by autoradiography. TYA is present in two
forms: a 58-kD precursor and a 54-kD processed
form (24). Larger volumes of pSM2 fractions
were necessary in order to obtain similarly ex-
posed blots.

Table 1. L1 and Tyl RTs: Substrates and micrococcal nuclease pretreatment.

L1 RT* Tyl RT*
Template Primer
Untreated MNaset Untreated MNaset
poly(rC) oligo(dG) 118 (100) 756 (100) 1268 (100) 1872 (100)
- oligo(dG) 2.0(1.7) 4.4 (0.58) 2.0 (0.16) 9.6 (0.51)
poly(rC) - 19.2 (16) 96 (12) 0.8 (0.06) 4.8 (0.26)
- - 1.6 (1.4) 0.32 (0.04) 0.8 (0.06) 2.0 (0.11)
poly(rA) oligo(dT) 69.6 (100) 484 (100) 760 (100) 1248 (100)
- oligo(dT) 3.2 (4.6) 0.4 (0.08) 149 (20) 9.6 (0.77)
poly(rA) - 4.4 (6.3) 0.8 (0.16) 1.6 (0.21) 1.2 (0.10)

*fmoles dNTP incorporated, calculated as described (5). RT assays were performed as described (12, 13). Numbers

in parentheses are percentages of activity relative to reactions containing both primer and template.

1tVLPs were

incubated in 100 pg per ml micrococcal nuclease (Boehringer Mannheim) and 7.5 mM CaCl, for 15 minutes at room
temperature. Reactions were stopped by adding 0.33 volumes of 30 mM EGTA. VLPs were subsequently assayed as

described (12, 13). (—) represents substrate not added.

The properties of L1 RT were determined
with the use of pooled peak fractions (Table
1). With poly(rA) and oligo(dT) as template
and primer, respectively, the L1 RT exhib-
ited an absolute requirement for exogenous
template and primer. When poly(rC) and
oligo(dG) were used, template dependence
was still observed, but approximately 16%
of the activity was primer-independent. To
determine whether this was due to endoge-
nous nucleic acids in the VLPs acting as
primers, VLPs were pretreated with micro-
coccal nuclease. Ca>* ions were then che-
lated to inactivate the nuclease, and the
VLPs were assayed for RT activity (Table
1). Micrococcal nuclease pretreatment re-
duced primer-independent activity to 6 to
12% of control. We have observed that
oligo(dG) is a poorer substrate for micro-
coccal nuclease than oligo(dT) (11). The
residual primer-independent activity ob-
served with poly(rC) and oligo(dG) may
therefore result from endogenous dG-rich
primers.

The stimulation of RT activity by nucle-
ase pretreatment was unexpected. As with
the RT from the LINE-like Crithidia retro-
transposable element 1 (CRE1) (5), this

Fig. 3. Immunoblot of epitope-tagged VLPs. Full- 1 2 3 )

length fusion proteins are indicated by the large arrow-
heads. VLP preparations (100 ng protein per lane)
from yeast containing epitope-tagged plasmids pSM1et
(lane 1), pSMb5et (lane 2), pSM2et (lane 3), and
pSM8et (lane 4) were separated by SDS—polyacrylam-
ide gel electrophoresis and transferred to nitrocellulose.
Proteins containing the epitope tag were detected by
immunoblotting with a 1:7500 dilution of ascites fluid
containing the monoclonal antibody 12CAS5 (16, 17)
(BAbCo). Immunoreactive bands were visualized with
sheep antiserum to mouse IgG conjugated to horserad-
ish peroxidase and enhanced chemiluminescence (ECL)
reagents (both from Amersham) according to the man-

- kD
P e S <0
R . —97

W Cids
—69

ufacturer’s protocols. The two bands indicated by small arrowheads in Ty1-VLPs from pSMlet are
likely intermediates in TYB processing (25). No such intermediates are seen associated with VLPs

derived from plasmids pSM5et, pSM2et, or pSM8et; these

proteins are apparently not cleaved by

TYB protease under these conditions. The protein migrating at 95 kD, visible in all four lanes, is

likely a cross-reacting protein in the yeast extracts, as it is not
over a linear sucrose gradient (11).
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present if the VLDPs are further purified

effect was much greater for L1 RT (6- to
7-fold) than for Tyl RT (1.5-fold). En-
dogenous nucleic acids within the VLPs
may inhibit the exogenous RT reaction by
competing with exogenous primer and
template for enzyme. The greater stimula-
tion observed for L1 RT compared to Tyl
RT may reflect a higher affinity of L1 RT
for endogenous nucleic acids, or there
could be a higher concentration of nu-
cleic acids in Tyl-L1 VLPs than in Tyl-
VLPs.

As further characterized (Table 2), L1
RT activity required a divalent cation, pre-
ferring Mg?* to Mn?*. L1 RT maintained
activity over a broad pH range and was
slightly inhibited by 50 mM NaCl. Like
other RTs, L1 RT could use several prim-
er-template combinations, including DNA
templates.

L1 RT and Tyl RT differ in their affinity
for 2',3'-dideoxyNTPs (ddNTPs). With
our standard assay conditions (12, 13),
incorporation of dTTP by Tyl RT was
inhibited by 25% in the presence of 200
nM ddTTP, whereas incorporation by L1
RT was inhibited by 35% in the presence
of only 0.2 nM ddTTP. The L1 RT prod-
ucts from these reactions were visualized
by polyacrylamide gel electrophoresis and
autoradiography, and appeared as a ladder
extending to more than 600 nucleotides in
length. The products decreased in size and
quantity as the ddTTP concentration in-
creased. Similar results were obtained us-
ing 2',3'-dideoxyGTP with poly(rC) and
oligo(dG) (11).

All known and putative RTs contain a
pair of adjacent aspartic acid residues with-
ina Y/F-X-D,-D, amino acid motif (3, 14).
A previous study of recombinant HIV RT
showed that replacing the second D resi-
due (D)) eliminated RT activity (15).
Therefore, we constructed the plasmid
pSM8 (Fig. 1) with a mutant ORF2 in
which the D, residue was changed to Y.
RT activity derived from pSM8 was 40-
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Table 2. Properties of L1 RT.

Reaction condition Activity
poly(rC):oligo(dG) 357 (100)*
poly(rA):oligo(dT) 246 (68.9)*
poly(rG):oligo(dC) 54 (15.1)*
poly(dC):oligo(dG) 291 (81.5)*
minus MgCl, 1.05 (0.42)t
minus MgCl, + 12.0 (4.7)t

10 mM MnCl,
pH7.0 224 (89)t
pH 9.0 262 (104)t
+ 50 mM NaCl 200 (79)t
+ 50 mM KCI 254 (101)t

*Fentomoles dNTP incorporated after micrococcal nu-
clease pretreatment (5, 12). Numbers in parcnthcscs are
percentages of activity relative to the poly(rC):oligo(dG)
reaction. tFentomoles dGTP incorporated after mi-
crococcal nuclease pretreatment (5, 12). Numbers in
parentheses are percentages of activity relative to that
obtained with the standard reaction mix (12) (252 fmoles
for this experiment).

fold (with poly-rA and oligo-dT as sub-
strates) or 90-fold (with poly-rC and oligo-
dG) less than wild-type, and was equivalent
to that derived from pSM5, which lacks
ORF2 (12).

To visualize wild-type and mutant fusion
proteins, we constructed versions of the
test plasmids (Fig. 1) tagged with a syn-
thetic DNA sequence encoding an epitope
(16) that is recognized by a monoclonal
antibody (17). Immunoblots, performed
on epitope-tagged VLPs, detected full-
length fusion proteins of the predicted
sizes (Fig. 3), indicating that all fusion
proteins were stable. In an immunoblot of
serial twofold dilutions of epitope-tagged
wild-type (pSM2et) and mutant (pSM8et)
VLDPs, the fusion proteins were not visible
in either sample below a fourfold dilution.
Therefore, there was at most a twofold
difference in the amount of fusion proteins
in these two samples. In all cases the epi-
tope-tagged VLPs had amounts of RT

activity comparable to the untagged ver- |

sions (11).

We show here that ORF2 from a human
L1 element encodes an RT activity, func-
tionally corroborating previously defined
sequence = similarities between L1 and
known retrotransposable elements. Evi-
dence indicates that LINE-like elements
encode RT (5, 18) and transpose through
cytoplasmic RNA intermediates (19). LINEs,
processed pseudogenes, and Alu repeats are
all interspersed sequences with characteristics
suggesting that they are derived from inte-
grated reverse transcripts (20). These retroele-
ments are potential mediators of a variety of
genomic events such .as gene dupllcauon,
deleuon, and insertional mutagenesis (21)..As
a potential source of the RT responsible for
the dispersion of these sequences, L1 may
have contributed to the evolution of mamma-
lian genomes.
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